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1. Project Title
Major Depression: Stage 1 Genomewide Association in Population-Based Samples
2. Abstract

Eight methodological issues have led to the historical difficulties in dissecting the
molecular genetics of MDD (a common, complex trait of enormous public health
significance). GAIN inherently corrects two problems — inadequate statistical power and
sparse, candidate-gene based genotyping.

Additionally, first, most MDD samples are inhomogeneous in subject ancestry and are
concatenated from disparate studies. Second, most MDD collections are highly selected
samples of convenience containing unknown but potentially disastrous biases. Third,
“controls” used in most association studies are highly dissimilar to cases in
ascertainment and assessment and may not be at low likelihood for MDD. Fourth,
minimal phenotypes are usually available — typically self-reported and exclude biological
markers that can identify more homogeneous subgroups. Fifth, replication has
historically been conducted external to a study and not within the study. Most critically,
sixth, MDD cases are not usually directly evaluated by psychiatrists or clinical
psychologists affiliated with the study — instead, non-psychiatrist research assistants
gather the primary data with expert review occurring based on written records or only in
reliability sub-studies.

We propose to remediate all of these difficulties using existing samples from the
Netherlands (1,000 cases with MDD and 1,000 matched controls). All subjects are
participants in two large, longitudinal, population-based studies. The parent studies are
closely coordinated, samples are from a known epidemiological sampling frame, controls
are well-matched to cases, multiple biomarkers are available for cases and controls
(diurnal cortisol variation, thyroid function, and autonomic nervous system assessment,
fMRI, and lymphocyte microarrays). This is arguably the best and most comprehensive
sample collection for MDD in the world.

3. Specific Aims of the Parent Studies

Cases and controls for Stage 1 GAIN genomewide association genotyping are from two
longitudinal, population-based, and coordinated studies. Cases are from the Netherlands
Study of Depression and Anxiety (NESDA) and controls from the Netherlands Twin
Registry (NTR); both studies are funded via Dutch and/or US NIH grants.

NESDA is a prospective cohort study that follows 2,850 persons aged 18-65 years at
baseline, and after 1, 2, 4, and 8 years of follow-up. NESDA began in 2003 and
recruitment will end in 12/2006. The NESDA specific aims are to examine:

¢ the long-term course of depressive and anxiety disorders;

¢ the genetic, biological, psychosocial, and somatic determinants of the long-term
course of depressive and anxiety disorders; and

e the quality of care and treatment needs of these patients.

NTR is a longitudinal twin family study that began with comprehensive national birth
records (1). The NTR enrolls twins, parents, siblings, and spouses for genetic-
epidemiological studies. Seven large scale screenings from 1991-2006 yielded data on
>19,000 subjects (8,808 twins, 2,825 siblings, 5,734 parents, and 1,889 spouses). The
overarching aims of the NTR focus on the genetic and environmental determinants of:
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e psychiatric disorders/mental health (including MDD) and personality;
¢ health-related behavior (exercise, nicotine, alcohol, drug use);
¢ physical health; and
e biomarkers for psychiatric and cardiovascular disease.
4, Disease/Trait (Major Depressive Disorder or MDD)

The defining features of MDD are marked and persistent dysphoria associated with
physical and cognitive signs and symptoms (anhedonia, sleep disturbance,
weight/appetite changes, motor agitation/retardation, anergia, excessive guilt or
worthlessness, poor concentration or indecisiveness, and recurrent thoughts of death or
suicide) (2). MDD is distinct from the normal sadness by its persistence (i.e., 22 weeks),
the presence of these signs and symptoms, and its substantial associated impairment.

Combining available estimates, the lifetime prevalence of MDD is approximately 15%
and is twofold higher in women (3). The course of MDD is typified by recurrence of
illness: in a meta-analysis, 76% had =1 recurrence over a 10 year follow-up (4). MDD is
associated with considerable morbidity (greater than chronic medical conditions such as
diabetes and arthritis) (5-7), excess mortality from suicide and other causes (8-11), and
substantial direct and indirect costs (>$43 billion/year in the US) (12). A WHO study
projected MDD to be the second leading cause of disability worldwide by 2020 (13).

Efforts to identify susceptibility loci for MDD have not been successful despite the
presence of a solid rationale for the search. If an unbiased and well-powered Stage 1
genomewide association study were to identify risk or protective loci and if these were to
be compellingly replicated, this new knowledge would have multiple critical ramifications.
These data could lead to a revolution in our understanding of the etiology of MDD,
suggest new etiological hypotheses (and perhaps novel drug targets), provide an
essential means by which to stratify clinical samples, and alter the societal
conceptualization of this highly significant complex trait.

All subjects in both NESDA and NTR have been assessed using the CIDI (14-17), an
internationally accepted structured psychiatric diagnostic interview. The CIDI yields
lifetime diagnoses of DSM-IV MDD (2) along with exclusionary conditions (e.g., history of
stroke or moderate/severe drug or alcohol dependence). Age of onset and number of
episodes are obtained (which may identify subgroups of MDD with greater heritability)
(18) along with data on clinically important comorbid disorders. For those who screen
positive for lifetime MDD in NESDA, psychiatrists or clinical psychologists affiliated with
NESDA conduct semi-structured clinical evaluations in order to confirm that all inclusion
and exclusion criteria are satisfied. In the NTR, longitudinal assessments are available
and inclusion as a control requires the absence of MDD at multiple time points.

The following table summarizes the data available in NESDA and NTR. “Initial” indicates
phenotypes that we commit to making available for analysis with the genomewide
association genotypes from GAIN. “Future” indicates data that we commit to making
available to NCBI when they become available in the future. This set of phenotypes is
exceptionally comprehensive and is arguably superior to any other sample collection in
the world. Note that the childhood trauma data may be an environmental risk factor that
interacts with genetic susceptibility (19, 20). For almost all measures, assessments are
highly congruent across studies (i.e., identical instrumentation or protocols). All
assessments were selected after extensive literature reviews and expert consultation.
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Some of the more expensive measures (MRI and microarrays) are available on subsets
and we are seeking supplemental funding to increase the number of assessments.

Phenotype Longitudinal NESDA NTR NCBI
Cases Controls Deposition

Demography — age, sex, ancestry, marital status, & education Yes Yes Yes Initial
CIDI — MDD information (episodes & age of onset) Yes Yes n/a Initial
Depression severity (Inventory of Depressive Symptoms) Yes Yes n/a Initial
Licit & illicit substance use Yes Yes Yes Initial
Personality (neuroticism & extraversion) (21, 22) Yes Yes Yes Initial
Anxiety severity Yes Yes Yes Initial
Prospective assessment of course of illness Yes Yes n/a Future
Trauma exposure in child hood & stressful life events Yes Yes Yes Future
Family history of MDD Yes Yes Yes Future
Thyroid function (TSH & free T3, 99% of subjects) Yes Yes No Future
Cortisol profile (six time points, 75% of subjects) Yes Yes Yes Future
Heart Rate Variability (an index of autonomic nervous system Yes Yes Yes Future
tone via VU-AMS system, 95% of subjects)

Lymphocyte microarrays (+LPS challenge, ~200 subjects) Yes Yes Yes Future
Brain MRI (with Tower of London, Eckman faces, & memory Yes Yes Yes Future
tests, ~200 subjects)

5. Additional Phenotyping

NESDA and the NTR are longitudinal studies. We commit to making updated phenotypic
data available to NCBI along with multiple potentially highly informative biomarkers.

6. Evidence for a Genetic Component

MDD is a complex trait and oligo- to polygenic inheritance is likely. Interactions at
multiple levels (GxG, GXE) have been hypothesized. Early empirical data support GXE
interactions with stressful/traumatic life events (19, 20).

Our meta-analysis of the genetic epidemiological literature on MDD (18) is included in
the Appendix. Five family studies met inclusion criteria. The odds ratios for proband
versus first-degree relative status) were homogeneous across the five studies (Mantel-
Haenszel OR=2.84, 95% CIl=2.31-3.49). No adoption study met inclusion criteria, but the
results of two of the three reports were consistent with genetic influences on liability to
MD. Five twin studies met inclusion criteria — familial aggregation was due to additive
genetic effects - heritability of liability=37% (95% CI=31-42%), minimal shared
environmental effects (0%, 95% CI1=0-5%), and substantial individual-specific
environmental effects/measurement error (63%, 95% C1=58-67%). MD is familial, and its
familiality mostly results from genetic influences.

Critically, the data also show that longitudinal assessment of MDD is essential. If MDD is
measured longitudinally — as in both NESDA and NTR — then heritability increases
substantially to ~60% (23-25).

The Figure below depicts all published genomewide linkage studies (26-33) of MDD or
the related personality trait of neuroticism (21). There is relatively poor overlap for these
studies consistent with the insufficiently low power of the individual studies (34).
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7. Number of Samples

1,000 cases with MDD from NESDA plus 1,000 matched controls from the NTR will be
available on 1 September 20086.

NOTE. Ascertainment in NESDA is on-going — there are ~1,000 cases with MDD now
recruited but there is a slight lag in cleaning/incorporating data from recent subjects.
Therefore, we have deposited with the NCBI data on N=783 cases and N=860 controls.

8. Project Design

All cases are from NESDA, a prospective cohort study following 2,850 persons with
MDD or anxiety disorders aged 18-65 years at baseline, and after 1, 2, 4, and 8 years of
follow-up. All controls are from NTR, a population-based twin-family study (total
N>19,000 subjects). Using longitudinal data, controls are both unaffected and at low
liability for MDD — an extremely strong case can be made for neuroticism as an
endophenotype for MDD base on state correlations (35-39), prospective prediction (24,
40-43), and from multivariate twin genetic models (24, 36, 44, 45).

We propose to use a multistage design to minimize genotyping cost while preserving
power and to maximize chances of true positive findings. Multistage designs are widely
viewed as the optimal approach for genomewide association (46, 47).
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Figure 1. All published genomewide linkage studies of MDD or the endophenotype of neuroticism (24, 35-43). X-axis,
human genome from chr1p to chr22q. Rows show the individual studies, and the highlighted regions show significant
findings (LOD or equivalents 21.5). Figure by PFS based on hg16

In Stage 1, 1,000 NESDA cases and 1,000 matched NTR controls will be genotyped for
a genomewide panel of SNP markers via GAIN. In Stage 2, we will attempt to genotype
~4,500 SNPs in two independent samples using lllumina GoldenGate assays.
Replication sample 1 are independent NTR cases and controls not included in Stage 1.
Replication sample 2 are independent cases and controls from the Australian Twin
Register. Each replication sample will contain 1,000 cases with MDD and 1,000 controls.
All subjects are unrelated, and phenotypic classification is based on longitudinal
assessments. (We have previously shown the comparability of the Dutch and Australian
twin samples — based on 369 microsatellite markers, we calculated that the overall F
between NTR- Australian samples was only 0.46% compared to 0.7% for European
samples and 5% across multiple worldwide samples (48).
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We have discussed replication with investigators on large studies of MDD - e.g.,
STAR*D (49), the NIMH Genetics Initiative collection, and Dr. Jonathan Flint (26, 50).
Should we be selected for GAIN, we would convert these to formal replication protocols.

Unique features of the Stage 1 samples:
e Homogeneous subject ancestries, closely parallel parent studies
o Population-based sampling, cases and controls drawn from the same population
e Inherently longitudinal design
e Controls with no MDD and at low liability per longitudinal evaluations
e Multiple biological and exposures phenotypes available on cases and controls.
o MDD cases are evaluated by NESDA psychiatrists or clinical psychologists.
9. Power & Effect Size

We conducted two-stage genomewide association power calculations using CaTS (51)
for joint analysis, four genetic models, and three allele frequencies. The minimum
detectable genotypic relative risks with 80% power are shown in Table 1. The proposed
study is well-powered to detect genotypic relative risks in the parameter space that is
consistent with common disease-common variant models for complex traits. For
psychiatric disorders, replicated candidate gene associations for schizophrenia (52)
have relative risks in the 1.8-2.2 range. Therefore, we anticipate excellent power for this
study. If MDD is caused by multiple rare variants, then power will be inadequate and
genetic dissection will await the next generation of sequencing technologies.

Table 1: Minimum Detectable Genotypic Relative Risk (80% Power)

Allele frequency Multiplicative Additive Dominant Recessive
0.50 1.26 1.30 1.71 1.53
0.25 1.29 1.32 1.43 2.16
0.10 1.43 1.44 1.49 5.25

Assumptions: final a=0.05; 2,000 cases and 2,000 controls (half genotyped in Stage 1); 375,000 SNPs genotyped in
Stage 1 and 4,500 in Stage 2; SNP a=0.0000002, based on prior work with HapMap2 data (53), we assume that the
375,000 SNPs actually genotyped are equivalent to 300,000 independent tests (=375,000 x 0.8), yielding individual SNP
a=1.7e-7 = 1-(1-0.05) %% and lifetime prevalence of MDD = 0.15 (3).

10.  Study Population

NESDA Cases. NESDA is a longitudinal cohort study of 2,850 adults aged 18-65 years
with MDD or anxiety disorders. In primary care, 850 subjects with MDD and/or an
anxiety disorder (2) were recruited through a three-stage screening procedure — a
mailed screener (K10) (16), a telephone CIDI interview (14), and a confirmatory
interview with a NESDA psychiatrist or clinical psychologist. In secondary care, 850
respondents with MDD and/or an anxiety disorder (2) were recruited when starting
treatment at a mental health care institution. All subjects provide written informed
consent and the protocol has been reviewed and approved by multiple IRBs. The
inclusion criterion for these 1,700 participants is a current DSM-IV diagnosis of MDD or
anxiety disorder as confirmed by the CIDI (14). (An additional 1,150 subjects are
included for other purposes.). A total of ~1,200 will have MDD. As of 6/1/2006, ~900
subjects with MDD will have been enrolled with DNA available. NESDA enroliment will
be completed in 12/2006 and recruitment has been ~120 subjects/month, so we are
highly confident of making the target of 1,000 cases with MDD (in fact, we may be able
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to deliver 20-25% more subjects). Exclusion criteria: primary diagnoses of psychosis,
bipolar disorder, obsessive compulsive disorder, severe drug/alcohol dependence, mood
disorder due to a general medical condition, insufficient knowledge of the Dutch
language, or ancestry other than Northern European. Sampling frame. (a) Primary care
patients are recruited from 60 general practitioners in the vicinity of the three Universities
involved, using a three-stage screening procedure. All GP patients aged 18-65 years
who consulted the GP in the last 4 months are sent a short questionnaire (16). If GP
patients score positive on this screener instrument (K10 score >19), they are telephoned
for a brief interview (CIDI-short form for MDD and anxiety disorders). All GP patients
who screen positive are invited for the NESDA baseline psychiatric interview. (b) The
specialized mental health patients are recruited from outpatient regional facilities for
mental health care. All newly registered patients with a primary diagnosis of MDD who
fulfill inclusion and exclusion criteria, are referred to NESDA.

NTR Controls. The NTR enrolls twins, their parents, siblings and spouses for genetic-
epidemiological studies of health and behavior. In six surveys (1991-2005) data were
collected on physical and mental health; lifestyle; personality and mood; demographics
and other variables. Data have been collected on >19,000 subjects (8,808 twins, 2,825
siblings, 5,734 parents and 1,889 spouses). Longitudinal phenotypes include MDD
assessed using the CIDI (14) along with self-reported depressive symptoms (1).

Matching. Controls are group-matched to cases by sex and five year age band. Inclusion
criteria: DNA available, no diagnosis of MDD on any interview occasion, at low liability
for MDD via genetic factor scores/persistently low neuroticism (1), and unrelated to any
other control. Exclusion criteria are identical to those for cases from NESDA. Sampling
frame. The NTR begins with Dutch national records of multiple births and expands to
include parents, siblings, and spouses.

For both samples, the epidemiological frame is known, and data will be available to
estimate ascertainment bias. See Population Study Table in Section E. All subjects are
of Northern European ancestry. Matching effectiveness: cases 72% female, mean age
41 years and controls 68% female and mean age of 39 years.

11. Data Management

Professional data managers maintain the databases for both NESDA and NTR. Both
studies are on-going and are managed by Dr. Jan Smit (NESDA) and Dr. J.J. Hottenga
(NTR). Data management software includes MySQL, SPSS, and SAS (54). Access is
limited to the personnel of the parent studies. Database formats are general and there
are no aspects that would need to be replicated in the NCBI version.

12. Data Analysis

Statistical Geneticist. We have been fortunate to attract UNC biostatistician Dr. Danyu
Lin as the statistical geneticist for the genomewide association data. Dr. Lin is working
on a body of methodological work on genomewide association and linkage studies (55-
58). Dr. Lin will be assisted by Naomi Wray, PhD (statistical analysis) and the PI will
assist with bioinformatics (the Pl has been a professional SAS programmer for 30 years,
and see TAMAL, http://neoref.ils.unc.edu/tamal, for an example) (59).

Analytic Plan. All statistical analyses will proceed according to a master data analysis
plan what will be posted on the web prior to beginning data analysis (and following
attendance at the GAIN data analysis workshop). In this way, it will be clear which
analyses are pre-specified and which are post-hoc. The current consensus is that joint
analysis is more powerful (51). Software includes SAS (54) and R (60). Our principal aim
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is to investigate genetic associations relevant to the etiology of MDD via case-control
comparisons, and the analytic plan is described below. We have also envisioned a
thoughtful approach to the additional phenotypes relevant to delineating etiological
subgroups, GxE interactions, and incorporating biomarker data. As we currently envision
these as secondary analyses, we do not describe them here.

Initial Analyses. First, we will investigate ascertainment bias in cases and controls and
conduct exploratory phenotypic analyses to confirm the adequacy of matching and
establish the need for any covariates. Second, quality control — careful review of QC
indices from the genotyping platform, HWE calculation (61), and no-call proportions by
marker and by subject (62). Third, we will attempt to detect copy number polymorphisms
in all subjects (63) (with the exact method contingent on the SNP genotyping platform).
Fourth, we will investigate the presence and impact of population stratification and
assignment of ancestry using genotype data via multiple empirical strategies (48, 64-69).

Stage 1. The central intention underlying this proposal is to compare genotype and
haplotype frequencies in well-matched cases and controls with and without lifetime
MDD. There are two key analyses — single SNP associations using logistic regression
(dependent variable case/control status and independent variables of genotype (2 df
test) plus any covariates) along with haplotype analyses with Dr. Lin’s HAPSTAT (70).

Prioritization. We will prioritize genomic regions for genotyping in Stage 2. Inclusion will
be based on (a) the strength of statistical signal from Stage 1, (b) the intersection of
Stage 1 SNP findings with those of external genomewide association screens for MDD,
and (c) candidate regions implicated by genomewide linkage or copy number screens
from studies focusing on MDD. Selection will be explicitly operationalized.

Stage 2. Although we apply to GAIN for Stage 1 genotyping only, we have future plans.
In Stage 2, we will genotype ~4,500 SNPs in two independent samples using lllumina
GoldenGate assays. Replication sample 1 contains independent cases and controls
from the NTR not included in Stage 1. Replication sample 2 are independent cases and
controls from the Australian Twin Register. These two replication samples will each
contain 1,000 cases with MDD and 1,000 controls. All subjects are unrelated, and
phenotypic classification is based on longitudinal assessments. We have previously
shown the comparability of the Dutch and Australian twin samples — based on 369
microsatellite markers, we calculated that the overall F¢; between the NTR and the
Australian Twin Register was only 0.46% compared to 0.7% for European samples and
5% across multiple worldwide samples (48).

We have engaged in tentative discussions with investigators on large studies of MDD —
e.g., STAR*D (49), the NIMH Genetics Initiative collection, and Jonathan Flint in the UK
(26, 50). Should we be selected for GAIN genotyping, we would convert these to formal
replication protocols.

Empirical P-Values & Adjustment for Multiple Testing. Many SNPs will be in LD, and we
need to construct tests that have the correct Type | error. A common approach for
evaluating statistical significance in the presence of LD is the use of permutation tests
(71). Dr. Lin has described a Monte Carlo-based algorithm for empirically evaluating the
statistical significance of findings from a two-stage design (GAS2 software) (55). This
approach has been shown to provide valid genomewide significance levels and was
considerably more powerful than Bonferroni correction.

Why should these samples/data be selected for GAIN? We believe this to be arguably
the best dataset in the world for genomewide association for MDD. Unique features:
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¢ Homogeneous subject ancestries (N. European) and parallel parent studies

e Population-based sampling

¢ Inherently longitudinal design

e Cases and controls drawn from the same population

o Multiple informative phenotypes available on cases and controls.

e Controls with no MDD per longitudinal evaluations

o MDD cases are evaluated by NESDA psychiatrists or clinical psychologists.
13. Replication

Two replication samples are currently available (with banked DNA and phenotypes). See
Section A.12 above for details.

14.  Follow-Up Genetic & Functional Studies

Under a CDCV model, the key initial task is to ensure that any genotype-phenotype
association replicates convincingly in multiple samples. For highly compelling
replications, we would pursue a multi-pronged approach.

The extensive and coordinated biobanking of sera, plasma, cell lines, MRI scans, and
urine in NESDA and NTR mean that many follow-up studies could begin immediately.
First, we would conduct nested sub-studies of NEDA subjects with and without a risk
polymorphism to understand its phenotypic correlates (at the level of gene expression,
protein alterations, intermediate phenotypes, brain imaging, and macro-level subject
data). All could be done to a high technical standard using existing data and could be
accomplished very quickly. Second, there will undoubtedly be additional data that we
would want to collect in a nested sub-samples. As NESDA is longitudinal, we will be in
continuing contact with subjects and can readily invite individuals for additional
phenotypic assessments. In particular, a biopsy of olfactory epithelium (a 10 minute ENT
procedure) can be used to establish neuronal cell lines derived from CNS. Third, we
would extend data collection to the first-degree relatives better to understand familial and
genetic modes of transmission (this may be critical if copy number polymorphism studies
suggest multiple rare variants). Fourth, UNC/Genetics is one of the top mouse genetics
departments in the US and excellent transgenic and phenotyping core facilities exist and
could readily create and evaluate the appropriate mouse model.

15. Source of DNA & Extraction Method

In both NESDA and NTR, all DNA samples were extracted from peripheral blood
lymphocytes using PUREGENE kits (Gentra, Minneapolis, MN).

16. Availability of DNA Samples
DNA samples can be shipped by 1 September 2006.
17.  Previous Genotyping

Subjects in NESDA have not yet been genotyped. NTR subjects have been genotyped
on multiple occasions (including a genomewide linkage panel by Marshfield, in
preparation).
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